Detection of HCl on Jupiter would provide insight into the chlorine cycle and external elemental fluxes on giant planets, yet so far has not been possible. Here we present the most sensitive search for Jupiter's stratospheric HCl to date using observations of the 625.907 and 1876.221 GHz spectral lines with Herschel's HIFI instrument. HCl was not detected, but we determined the most stringent upper limits so far, improving on previous studies by two orders of magnitude. If HCl is assumed to be uniformly mixed, with a constant volume mixing ratio above the 1 mbar pressure level and has zero abundance below, we obtain a 3-σ upper limit of 0.061 ppb; in contrast, if we assume uniform mixing above the 1 mbar level and allow a non-zero but downward-decreasing abundance from 1 mbar to the troposphere based on eddy diffusion, we obtain a 3-σ upper limit of 0.027 ppb. This is below the abundance expected for a solar composition cometary source and implies that upper stratospheric HCl loss processes are required for consistency with observations of the external oxygen flux. We investigated loss via aerosol scavenging using a simple diffusion model and conclude that it could be a very effective mechanism for HCl removal. Transient scavenging by stratospheric NH 3 from impacts is another potentially important loss mechanism. This suggests that it is extremely unlikely that HCl is present in sufficient quantities to be detectable in the near future. An alternative explanation for our very low upper limits could be that HCl is sub-solar in comets or that cometary chlorine exists in inactive reservoirs that are not readily converted to HCl during the impact process.
Introduction
Detection of HCl provides the potential to reveal unique aspects of chemical, dynamical, and external supply processes on the giant planets. HCl abundance is expected to be extremely variable throughout the atmospheric column and will depend strongly on local atmospheric conditions and the nature of the source reservoir. At the most basic level, Jupiter's bulk chlorine abundance can be estimated from the solar chlorine to hydrogen ratio of 3.2 Â 10 À 7 (Grevesse et al., 2010) combined with the observation that Jupiter is enriched in heavy elements, such as carbon, relative to the solar composition by a factor of about four (Niemann et al., 1998; Wong et al., 2004) . If all chlorine were present as HCl and no other processes were occurring, we would expect relative abundances of order 1 ppm (parts per million). Such high amounts are not present in the observable upper atmosphere (Fouchet et al., 2004 ) and a more advanced treatment is required. Comprehensive thermochemical models of Jupiter's deep interior predict that chlorine is predominantly in the form of HCl (Fegley and Lodders, 1994) . However, at pressures less than about 20 bar the temperature drops below 400 K and HCl is removed by reaction with tropospheric ammonia (NH 3 ) to form ammonia salts (NH 4 Cl). This reaction is predicted to be extremely fast, so that any HCl dredged up from the deep interior by convection would be immediately removed before it could reach observable atmospheric levels (Fegley and Lodders, 1994; Showman, 2001 ). Therefore, we do not expect to see any signature from Jupiter's deep HCl reservoir in the stratosphere or upper troposphere.
Another potential source for HCl is externally from comets, interplanetary dust particles, meteoroids, rings particles, or satellites -especially the volcanic moon Io. Observations of trace stratospheric species show the supply of external material to Jupiter's atmosphere is significant (Feuchtgruber, 1997; Feuchtgruber et al., 1999; Bézard et al., 2002; Lellouch et al., 2002; Moreno et al., 2003; Cavalié and Feuchtgruber, 2013) and forms an important but poorly understood part of the upper atmosphere chemistry. HCl from external sources Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/pss would be deposited directly into the stratosphere. Importantly, tropospherically sourced ammonia will have been effectively entirely removed before it reaches the upper stratosphere by a combination of condensation at the tropopause cold trap and photodissociation reactions (Atreya et al., 1977; Atreya and Donahue, 1979) . Therefore, externally sourced HCl could avoid removal by reactions with tropospheric ammonia and potentially persist in observable quantities in the upper stratosphere and mesosphere. Showman (2001) used estimated external fluxes combined with a 1D diffusiontransport model to predict a maximum abundance of HCl in Jupiter's stratosphere of 1 ppb (parts per billion) at 1 mbar, with an abundance profile that decreased steeply with increasing pressure.
Despite a long campaign of observations, detection of any halide compound (HCl, HF, HBr, or HI) on any giant planet has remained elusive (Noll, 1996; Weisstein and Serabyn, 1996; Kerola et al., 1997; Fouchet et al., 2004; Teanby et al., 2006; Fletcher et al., 2012) . The most stringent measurement for Jupiter so far is by Fouchet et al. (2004) , who obtained a HCl upper limit of 2.3 ppb for a well-mixed profile. The closest to a positive detection on any of the giant planets is from a ground-based study by Weisstein and Serabyn (1996) who produced a tentative detection of 1.1 ppb HCl on Saturn, assuming a well-mixed vertical profile. However, telluric contamination was suspected and the detection was not confirmed by subsequent more sensitive space-based studies, which obtained upper limits of 6.7 Â 10 À 11 (Teanby et al., 2006) and 3.8 Â 10 À 11 (Fletcher et al., 2012) , assuming well-mixed profiles. The Herschel space observatory was specifically designed to observe the sub-mm spectral region and is ideally suited to a search for HCl, which should be easily detectible on Jupiter if it is present in $ ppb quantities at 1 mbar. Herschel's Heterodyne Instrument for the Far-Infrared (HIFI) (de Graauw et al., 2010) provides the best opportunity to accurately measure Jupiter's stratospheric HCl for the foreseeable future. There are no spacecraft with suitable remote sensing instruments scheduled to visit Jupiter, or any other giant planet, for the next two decades at least. HIFI's low noise and high spectral resolution means that our observations will be sensitive to parts per trillion HCl levels -an improvement of around two orders of magnitude on the best measurements currently available (Fouchet et al., 2004) . This allows us to place new constraints on Jupiter's chlorine cycle.
Observations
Our HIFI observations were proposed as part of Herschel's OT1 (Open Time 1) program in 2010 (program ID: OT1_nteanby_2) and were observed on 28th February and 7th March 2013 (just under 2 months before the coolant ran out on 29th April 2013). We focused on the two HCl rotational bands that had the maximum predicted signal-to-noise: 625.907 GHz in band 1; and 1876.221 GHz in band 7. Predicted antenna temperature differences were 0.082 K at 625.907 GHz and 2.1 K at 1876.221 GHz assuming an effective spectral resolution of 10.5 MHz and an abundance profile with 1 ppb HCl for pressures less than 1 mbar. We determined integration times using Herschel's HSpot observation tool by aiming for a high overall signalto-noise ratio (S/N) of $ 100 to allow for the large uncertainties in HCl abundance. For band 1, the total integration time was 13,600 s, split over three separate observations with a predicted overall instrument noise level of 0.0012 K at 10.5 MHz resolution and a S/N of 70. For band 7, the total integration time was 8742 s, again split over three separate observations, with a predicted overall instrument noise level of 0.016 K at 10.5 MHz resolution and a S/N of 130.
Observations were taken in HIFI's dual beam switch single point observation mode (HIFI Observers Manual, 2011) , which resulted in maximum efficiency within time allocation constraints. Both wide band spectrometer (WBS) and high-resolution spectrometer (HRS) were used, with spectral resolutions of 1.1 MHz and 0.25 MHz respectively. The WBS and HRS had the same sensitivity for a given frequency interval, so the HRS data was only recorded to provide information on the vertical profile of HCl in the event of a detection. As HCl was not detected we only consider the WBS measurements here. Local oscillator frequencies (f LO ) of 620.303 GHz and 1873.233 GHz were used and the upper sideband (USB) and lower sideband (LSB) were measured in a combined double side band (DSB) antenna temperature spectrum. The measured antenna temperature T A_DSB can be defined in terms of the equivalent single sideband antenna temperature T A_SSB by
at a frequency offset from f LO of Δf , or
at frequency f. We assume sideband ratios of g LSB ¼ 0:5 and g USB ¼ 0:5 for the upper and lower sidebands (HIFI Observers Manual, 2011) , which means that the measured continuum level in the DSB spectra is twice the single side band (SSB) value, but that spectral lines will have the correct SSB intensity as they only appear in one of the sidebands. Only the upper side band contains HCl spectral line positions, so we use the USB frequency scale f ¼ f LO þΔf for the DSB spectra in all subsequent analysis. As expected no other spectral features were observed. Horizontal and vertical polarisations were measured separately. The WBS had a total bandwidth of 4 GHz in band 1 and 2.4 GHz in band 7.
Observations had a single on-planet pointing centred on Jupiter, which had an angular diameter of approximately 39". Herschel's 3.28 m primary mirror had Airy disc sizes of 36.7" and 12.3" in bands 1 and 7 respectively, which resulted in discaveraged spectra for band 1 and a low spatial resolution disccentred average for band 7; the effect of this on the observed spectra is considered further in Section 3.2. Full observation details are summarised in Table 1 . 3. Data reduction
Level 2 data products
Data were first processed using version 12 of the standard HIPE pipeline (Ott, 2010) to give the level 2 calibrated antenna temperatures T n A for each observation, where the n indicates that the measured antenna temperature T A has been corrected for the telescope forward efficiency η l ¼0.96 (Roelfsema et al., 2012) according to T n A ¼ T A =η l (Wilson et al., 2009; HIFI Observers Manual, 2011) . The HIFI spectra are affected by standing waves due to reflections within the instrument, which results in quasisinusoidal interference with approximate periods of 92, 98, and 100, and 320 MHz in bands 1 and 7 (Roelfsema et al., 2012) . Band 1 is most affected by the 90-100 MHz standing waves, whereas band 7 is the most affected by the 320 MHz standing waves. For band 7, the additional pipeline procedure hebCorrection was applied to the level 2 spectra to reduce the effect of nonsinusoidal electrical standing waves at 320 MHz. Fig. 1 shows the post-pipeline calibrated data, from which it is immediately obvious that the spectra are affected by instrumental standing waves and long-period continuum ripples with amplitudes of up to 3 K; much higher than the intrinsic instrument noise. Therefore, more advanced processing was required before any useful information on HCl could be obtained.
HCl lineshape
Before performing any additional processing on the data, we first consider the predicted signal in more detail and determine the shape of the HCl emission lines, as this determines the level of standing wave removal that can be achieved. If HCl can be assumed to exist above 1 mbar only, then the resulting emission lines should be very narrow, with widths of o 10 MHz. Such narrow lines could be easily separated from the 100 MHz standing waves. However, because of the large field-of-view and rapid rotation of Jupiter, the major contribution to the effective observed line width is rotationally induced Doppler broadening. To calculate the line profile due to Doppler broadening we generated a synthetic image of Jupiter with 2001 Â 2001 pixels, and for each pixel calculated the emission angle, line-of-sight velocity, and associated Doppler shift using an extension of the method in Teanby (2009) . Jupiter was assumed to be an oblate spheroid with equatorial radii of 71,492 km, a polar radius of 66,854 km, and a rotation period of 9 h 55 min 29.685 s with a viewing geometry determined using JPL Horizons for 28/2/2013 (distance 5.02 a.u., orientation of the rotation axis 350.551 counter clockwise from celestial north, and planetographic latitude of the Herschel-Jupiter centre line-of-sight intersection of 3.071N). Each pixel was then weighted using Herschel's Airy disc and the overall effective lineshape constructed from the weighted average contribution from each pixel to the disc-averaged spectrum. A weighted mean emission angle for each band was also calculated from the pixel map for use in the radiative transfer modelling in Section 4. Fig. 2 shows the calculated lineshapes for bands 1 and 7, which have full-width half maximum (FWHM) of 35.39 MHz and 39.65 MHz respectively.
Minimisation of standing wave interference
By an unfortunate coincidence, Jupiter's rotation rate is such that the FWHMs of the effective lineshapes are comparable to the FWHMs of the 92, 98, and 100 MHz instrumental standing waves (30.6, 32.7, and 33.3 MHz respectively) . This means that the standard HIPE baseline removal methods could not be used without compromising the signal. Therefore, we developed our own post-processing algorithm, taking great care not to adversely affect any potential HCl signature. First, for each band, the six individual spectra (3 Â 2 polarisations) were high-pass filtered using a 4-pole Butterworth filter (Gubbins, 2004 ) with a corner period of 200 MHz. This effectively suppressed the 320 MHz standing waves and any long period continuum offsets, resulting in spectra of antenna temperature difference ΔT n A relative to the baseline/ continuum level. Second, for each band, the six spectra were binned and averaged with a bin width of 10.5 MHz to reduce the random noise. Any emission lines present would be much wider than these bins due to the Doppler broadening and would not be affected. Antenna temperature errors in each bin were calculated from the unweighted standard error of the six individual spectra. Third, a masked spectrum was produced by removing datapoints within 7 30 MHz of the HCl spectral lines in band 1 and 740 MHz of the HCl spectral lines in band 7. This left spectra that were assumed to be composed entirely of standing waves and random noise (there are no other known gas lines in this range). Fourth, a least squares minimisation method was used to simultaneously fit either one or two sine waves to each of the masked spectra: two sine waves were required for band 1 and one sine wave was required for band 7. The standing waves were not well represented by these sine waves over the entire bandwidth, due to their quasi-sinusoidal nature, so the range fitted was limited to 2.2 GHz in band 1 and 1.5 GHz in band 7, which gave good fits around the predicted positions of the HCl features. The fitted sine waves were assumed to represent the standing wave components and were removed from the binned spectra. These data processing stages are illustrated in Fig. 3 .
The final noise levels δT n A were about 0.05 K in both bands. While this method gives an order of magnitude improvement in the noise over the standard pipeline product, the noise levels are still higher than those predicted using HSpot by a factor of $ 50 for band 1 and $ 4 for band 7. This performance difference is due to the difficulty of removing $ 100 MHz standing waves for our particular application. Band 1 is severely affected by $ 100 MHz standing waves, which cannot be completely removed, whereas the 320 MHz standing waves, which are more prevalent in band 7, are more easily removed. The HCl emission lines are also much stronger in band 7, meaning that band 7 provides by far the most powerful constraint on Jupiter's HCl.
Spectral modelling
The change in antenna temperature due to HCl was calculated using the NEMESIS radiative transfer code (Irwin et al., 2008) . This has been used extensively on Jupiter in the past (e.g., Fletcher et al., 2009; Nixon et al., 2010) . We assumed a globally homogeneous vertical atmospheric structure using the temperature profile from Seiff et al. (1996) . NH 3 , PH 3 , and CH 4 profiles were based on Fletcher et al. (2009) , although these gases only contribute minimally to the continuum in our spectral regions. H 2 and He abundances were derived from Galileo probe measurements (Niemann et al., 1998) and we assumed equilibrium para-H 2 fraction throughout the atmosphere. Jupiter's aerosols have negligible opacity in the sub-mm and were not included in our radiative transfer atmospheric model. Collision induced absorption due to H 2 -H 2 , H 2 -He, H 2 -CH 4 , and He-CH 4 pairs were included according to the formulations in Borysow et al. (1985 Borysow et al. ( , 1988 , Borysow and Frommhold (1986, 1987) , and Borysow (1991) . Spectroscopic data were taken from HITRAN2004 (Rothman et al., 2005) and our assumptions for broadening and lineshapes are specified in Teanby et al. (2006) . NEMESIS uses the correlated-k approximation to calculate atmospheric opacity (Goody and Yung, 1989; Lacis and Oinas, 1991) , so we incorporated the Doppler lineshapes from Section 3.2 directly into the k-tables for computational efficiency. The emission angle was assumed to be the Airy-weighted disc-averaged emission angle from Section 3.2. The accuracy of this approximation was tested by calculating a 100 Â 100 grid of line-by-line spectra distributed across Jupiter's disc with high spectral resolution (0.3 MHz), Doppler shifting the frequency scale of each grid point according to the line-of-sight velocity, weighting each spectrum using Herschel's Airy disc function, and averaging to form a single high precision disc-averaged spectrum. Comparing this with our approximate method showed that the use of an effective Doppler lineshape underestimates the HCl peak heights by r 20% in band 1 and r 5% in band 7. This is mainly due to the underestimation of the line-continuum contrast by the use of a single effective emission angle: i.e. limb darkening is underestimated for the continuum and limb brightening is underestimated for the spectral lines. We regard this as acceptable, given that the line-by-line based method is over 10,000 times more computationally expensive for this application.
The output from our radiative transfer model (NEMESIS) was in units of spectral radiance (W/cm 2 /sr/cm À 1 ). To enable these synthetic spectra to be directly comparable with the HIFI T n A data, we performed the following conversion:
where RðνÞ is the radiance at frequency ν; s is a fill factor determined by integrating the proportion of the Airy disc that intersects with Jupiter in each band (s ¼0.75 for band 1 and s¼1 for band 7); sRðνÞ is the beam averaged radiance; Bðν; RÞ converts W/cm 2 /sr/cm À 1 into W/m 2 /sr/Hz; T RJ ðν; BÞ is the Rayleigh-Jeans temperature for a spectral radiance B at frequency ν; and η mb is the main beam efficiency (η mb ¼ 0:76 for band 1 and η mb ¼ 0:69 for band 7 from Roelfsema et al., 2012) . For the HCl reference profiles we considered two end member profiles: the first had constant volume mixing ratio HCl for pressures lower than 1 mbar, and zero HCl at higher pressures (subsequently referred to as [1 mbar]); and the second was the profile given by the 1D diffusion model from Showman (2001) (subsequently referred to as [S01]). Each reference profile had HCl set to a uniform 1 ppb for all pressures less than 1 mbar. The [S01] 1D diffusion profile is appropriate for an external source at or above the 1 mbar pressure level with no HCl loss processes other than dilution with the bulk atmosphere due to eddy mixing. Conversely, the [1 mbar] profile is appropriate if HCl loss processes are significant in the middle stratosphere. The assumed 1 mbar cut-off was chosen to reflect the approximate altitude where tropospheric NH 3 would have been entirely removed by photolysis. However, this contains significant uncertainty. Fig. 4 shows the assumed temperature profile, reference HCl profiles, contribution functions, and corresponding synthetic spectra.
HCl upper limits
To calculate upper limits for HCl we follow a forward modelling approach similar to and . Reference profiles were scaled, then used to calculate synthetic spectra, which were compared to the observations. For a given 1 mbar HCl abundance α we calculate the misfit χ 2 ðαÞ between the measured antenna temperature difference spectra y i 7 σ i and a synthetic antenna temperature difference spectrum f i ðαÞ:
where both measured and synthetic spectra are defined at n frequencies ν i with i ¼ 1…n. The best fitting HCl abundance α opt is where χ 2 ðαÞ is minimised. There is one free parameter (α), so for the abundance to be significant at the 3-σ level Δχ 2 ¼ χ 2 ðα opt ÞÀχ 2 ð0Þ must be less than À 9 (Press et al., 1992) . In the case of no significant minimum, the 3-σ upper limit is given by the value of α where Δχ 2 ¼ þ9. abundance derived from scaling each of the two reference profiles, for bands 1 and 7. No significant minima are present, indicating that we can only derive upper limits from these data. Bands 1 and 7 data are consistent with each other, but overall band 7 provides the most stringent constraint on Jupiter's stratospheric HCl. The 3-σ upper limits on HCl abundance at 1 mbar are 0.027 ppb when scaling the [S01] profile; and 0.061 ppb when using the 1 mbar profile. These values are equivalent to column abundances above 100 mbar of 1.2 Â 10 13 molecules/cm 2 and 7.4 Â 10 12 molecules/ cm 2 . Fig. 6 shows the measured spectra along with a 3-σ synthetic spectra for comparison.
6. Discussion
Possible external sources of chlorine
We can gain insight into potential sources of chlorine by combining our HCl upper limits with the derived oxygen flux into Jupiter, which has the advantage that oxygen species have actually been detected. Bézard et al. (2002) and Lellouch et al. (2002) show that most of Jupiter's stratospheric oxygen is in the form of CO, H 2 O, or CO 2 . These species have strong vertical gradients in the stratosphere consistent with an external source. Potential oxygen sources include interplanetary dust particles, micrometeorites, comets, or the Galilean satellites -where Io's plasma torus is likely to be the most significant satellite source (Küppers and Schneider, 2000) , followed by recently discovered plume activity on Europa (Roth et al., 2014) , and finally sputtering of the tenuous oxygen exospheres on Europa, Ganymede, and Callisto.
Most of Jupiter's stratospheric oxygen is in the form of CO. This is unusual, given that H 2 O should be more abundant in interplanetary dust particles (IDPs), micrometeorites, and comets (Bockelée-Morvan, 2011) and suggests that shock chemistry during large impacts is required to convert H 2 O to CO (Zahnle, 1996; Bézard et al., 2002) . A large proportion of Jupiter's oxygen species are known to originate from the impact of comet Shoemaker-Levy 9 (SL9) (Lellouch et Feuchtgruber, 2013) -mostly in the form of CO created by shock chemistry during the impacts (Zahnle, 1996) . Interestingly, most non-SL9 oxygen is also in the form of CO Bézard et al., 2002; Moses et al., 2005) , with an effective CO influx rate $ 100 times higher than H 2 O and $ 400 times higher than CO 2 (Moses et al., 2005) . This can be explained if the non-SL9 CO component is due to previous SL9-type impacts in the 0.3-1.6 km size range . The background source of oxygen species is quite small and can be constrained using the H 2 O influx .
We consider HCl supplied by three possible sources:
Comets impacts: In this case CO produced from shock chemistry is the main oxygen carrier. The production rate of non-SL9 CO is 4 Â 10 6 molecules=cm 2 =s from Bézard et al. (2002) , whereas the total CO supplied by SL9 was $ 5 Â 10 14 g (Lellouch et al., 1997; Moreno et al., 2003) , which is equivalent to a flux of $ 5 Â 10 6 molecules=cm 2 =s if spread over Jupiter's surface area and assuming approximately one SL9-type impact every 100 years (Zahnle et al., 2003) . Therefore, as CO is the dominant oxygen carrier, the total oxygen influx is of order 10 7 atoms/ cm 2 /s. For comets, a solar Cl/O ratio of 6:5 Â 10 À 4 is reasonable (Grevesse et al., 2010) , implying a chlorine flux of order $ 5000 atoms/cm 2 /s.
IDPs/micrometeorites: In this case H 2 O is the main oxygen
carrier, as the steady influx of small particles would not provide enough energy to initiate shock chemistry and conversion to CO. Lellouch et al. (2002) provide an upper limit on the background H 2 O flux from such a source of 4 Â 10 4 molecules=cm 2 =s. If the majority of this flux is from IDPs/micrometeorites, a solar Cl/O ratio of 6:5 Â 10 À 4 is appropriate, implying a chlorine flux of only $ 30 atoms/cm 2 /s.
Galilean moons: In this case H 2 O would also be the main oxygen carrier due to lack of shock chemistry and is again constrained by Lellouch et al. (2002) 's H 2 O flux upper limit of 4 Â 10 4 molecules=cm 2 =s. Of the Galilean moons, Io is the closest and most active, so is likely to be the dominant source. We can use the observed Cl/O ratio of 1/15 from Io's plasma torus (Küppers and Schneider, 2000) to derive a chlorine flux of o 3000 atoms=cm 2 =s -which would correspond to about o 0:1% of the suspected 10 27 atoms/s escaping from Io (Küppers and Schneider, 2000) eventually entering Jupiter's atmosphere.
These predictions can now be compared to our HCl upper limits using a numerical 1D diffusion model with and without loss processes. Unfortunately, the cometary and Io values are quite similar and will not be separable, so we consider that both these processes can be represented by a nominal flux of 5000 atoms/ cm 2 /s, although in the case of an Io source this value represents an upper limit.
Diffusion model HCl profile predictions with no loss
We start by assuming that all external chlorine forms HCl and the only process operating is dilution with a HCl-free bulk troposphere via eddy mixing. We then formulated a numerical 1D diffusion model by adapting the analytical model outlined in Showman (2001) where K(z) is the eddy diffusion coefficient, n(z) is the number density of HCl, H(z) is the atmospheric scale height (RT/Mg), and T (z) is the temperature (Showman, 2001; Chamberlain and Hunten, 1987) . The bottom boundary condition was defined by
The HCl profile was then calculated using a finite-difference timestepping approach in which the change in HCl number density at each level z j in time Δt was given by the approximation
We set an input flux of À ϕ 0 at the model top, where ϕ 0 is the (downward) input flux from our source scenario. For the first time step, n(z) is initialised to zero at all levels except for the top level, which has nðz N Þ ¼ Àϕ 0 Δt=Δz. The model was then iterated for 1000 model years with 1 h time steps to determine the steady state HCl profile, which is independent of the initial HCl profile. This numerical model reproduces the analytical solution presented in Showman (2001) under equivalent assumptions, but provides the additional flexibility needed to include loss processes in Section 6.3. Fig. 7 shows the model parameters and predicted HCl profiles for input HCl fluxes of 5000 and 30 molecules/cm 2 /s (curves labelled "0"). These profiles are effectively scaled versions of each other; as we have not yet included any loss processes, the HCl abundance at each level is simply a function of the input flux and the eddy diffusion. The model predicts HCl abundances at 1 mbar of 0.1 ppb (for 5000 molecules/cm 2 /s from comets or Io) and 0.6 ppt (parts per trillion) (for 30 molecules/cm 2 /s from IDPs).
These can be considered maximum values as loss has been neglected and also because not all externally supplied Cl will be in form of HCl. Recent observations of comet Hartley 2 (Bockelée-Morvan et al., 2014) suggest that HCl is sub-solar in comets, with a depletion factor of at least 6 þ 6 À 3 , so chlorine could be in other forms. However, it is reasonable to assume that reduction in Jupiter's hydrogen-rich upper atmosphere would lead to creation of HCl, at least initially.
If loss processes in the upper stratosphere are zero, our upper limits are only be consistent with an IDP source of solar composition or, if the actual background external water flux is about three times less than the upper limit of Lellouch et al. (2002) , an Io source. If comets were the source, at least three times more HCl would be expected than our observations suggest. However, from the oxygen species observations we know that comets are indeed a significant source of external material, which suggests that comets are either severely depleted in HCl, contain chlorine in inactive reservoirs, or that HCl scavenging processes are important in Jupiter's upper stratosphere.
Diffusion model HCl profile predictions with aerosol scavenging
Our modelling suggests that stratospheric HCl loss processes may be required in order to explain the very low upper limits. Therefore, we now consider the effect of potential loss mechanisms for HCl in the stratosphere. Scavenging by stratospheric aerosols could be a significant sink of HCl. To model this we first define an accommodation coefficient, γ, which is the fraction of HCl-aerosol collisions that result in HCl sticking to the aerosol and being scavenged. This parameter is poorly constrained and will depend on the precise composition and physical structure of the aerosol, so we treat it as a free parameter in the model. Values of γ in the range 0.1-1 seem to be reasonable based on terrestrial scavenging processes (Tabazadeh and Turco, 1993; Davis, 2006) , especially for droplets of water (Schweitzer et al., 2000) , impure water solutions (Li et al., 2002; Rudich, 2003) or ammonia (see Discussion in Showman, 2001) . There is likely to be a very thin water ice cloud due to condensation of external oxygen around 10-20 mbar (e.g., Feuchtgruber et al., 1999) , for which such values would be appropriate. However, above this level such droplets are unlikely to be representative of Jupiter's upper stratosphere aerosols, which are most likely to be based on photochemically produced hydrocarbons. Experiments on organic compounds suggest γ could be much lower; perhaps as low as 0.001-0.01 (Zhang et al., 2003) for experiments with octanol. It is possible that values of γ for scavenging by Jupiter's aerosols could be even lower. Therefore, to cover the large uncertainty, we consider γ's in the range 10
À 5 -1.0 as well as γ ¼ 0, which represents the zero loss case from Section 6.2.
To determine the number of HCl-aerosol collisions, we also require the aerosol properties, specifically their number density and radii as a function of altitude. These are also poorly constrained in the upper stratosphere, so we use the values from the model of Banfield et al. (1998) to estimate the magnitude of the scavenging effect. This model includes aerosol growth during descent through the atmosphere. Our aerosol profile has a column density of 2:5 Â 10 8 cm À 2 for levels above 100 mbar. Comparison with a recent study by Zhang et al. (2013) shows this profile is appropriate for mid-latitudes on Jupiter and provides a reasonable nominal case.
To determine collision rates, we consider an ideal gas containing HCl molecules and aerosol particles. From gas kinetic theory (e.g., Tabor, 1993; Woan, 2003) , the mean speed c of the HCl molecules is given by c ¼ 8kTðzÞ
where k is the Boltzmann constant and m is the mass of one HCl molecule, resulting in typical speeds of 310 ms 
This loss process was applied to the HCl number density n(z) after each time step in our diffusion model. (Zhang et al., 2003) and 0.1-1.0 for water ice (Davis, 2006) , which implies that any of our sources could be consistent with the upper limits.
It is important to note that this scavenging modelling should be regarded as order-of-magnitude only and there are many uncertainties, whose effects are illustrated in Fig. 8 . For example, the eddy diffusion profile is uncertain (Moses et al., 2005) and increasing the value of K reduces the high altitude HCl abundance by a similar factor, although changing K will also affect the aerosol profile, which we have not modelled here. Jupiter's stratospheric aerosols are highly variable with latitude and the poles have a column density around 200 times more than at the equator (Zhang et al., 2013) and will be much more effective at scavenging HCl. This means that a 1D diffusion model is too limited to describe the full behaviour and the geographical distribution of the source will be important. Finally our assumption of HCl injection at 1 mbar also has a large uncertainty. This does not have a large effect on the HCl profile if there is zero loss, but in the case of non-zero γ the effect is significant. If HCl injection is higher in the atmosphere then scavenging could be even more efficient due to the greater combined surface area of smaller aerosol particles at higher altitudes. Additional complications arise because aerosol scavenging is not the only possible loss process: reactions with ammonia are another potential mechanism. Scavenging by tropospheric NH 3 was considered in detail by Showman (2001) and is not considered further here. We consider this to be a minor process as most NH 3 is removed by the tropospheric cold trap, and any small residual would be destroyed by photolysis well below the 1 mbar pressure level (Atreya et al., 1977; Atreya and Donahue, 1979) . NH 3 destruction in the atmosphere by photolysis is very efficient, as evidenced by the rapid depletion of NH 3 injected by the SL9 impact (Fast et al., 2002; Moses et al., 1995) . Perhaps more important than tropospherically sourced NH 3 is periodic NH 3 injection by cometary impacts, which can provide significant transient NH 3 abundances at these altitudes, reaching 4 1 ppm over local scales (Fast et al., 2002) . Cometary impacts that penetrate deeper into the atmosphere may also excavate tropospheric NH 3 into the stratosphere via entrainment in impact plumes (Fletcher, 2011) . Such transient NH 3 sources could easily remove ppb amounts of HCl by formation and subsequent precipitation of NH 4 Cl salts. Furthermore, if large comets are providing the HCl source, then the impact entrained NH 3 could simultaneously remove HCl at the point of supply, also resulting in very low abundances.
Our extremely low HCl upper limits are suggestive of, and consistent with, the estimated high efficiency of scavenging processes in Jupiter's upper stratosphere; either by aerosols or transient NH 3 from comet impacts. Unfortunately, with only an upper limit and in the presence of such scavenging, we cannot unambiguously distinguish between potential HCl sources: all three potential HCl source scenarios could result in low enough abundances to prevent a detection with Herschel.
A cometary source of external oxygen is consistent with previous studies (e.g., Bézard et al., 2002) . Therefore, in the context of these previous constraints, Fig. 9 schematically summarises the implications of our observations and modelling for Jupiter's chlorine cycle.
Conclusion
We used Herschel's HIFI spectrometer to derive stringent new upper limits for HCl in Jupiter's upper stratosphere. For a profile that has constant HCl above the 1 mbar level we obtain a 3-σ upper limit of 0.061 ppb, whereas scaling a 1D diffusion model based profile with an upper atmosphere source gives a 3-σ upper limit of 0.027 ppb. These upper limits correspond to a HCl column abundance of o 10 13 molecules=cm 2 above 100 mbar. Therefore, if HCl is present in Jupiter's upper atmosphere it must be in extremely small amounts. These upper limits were compared to predictions from a lossless 1D diffusion model under different HCl source scenarios including: comets, Io, and IDPs/micrometeorites. Both IDPs and Io could result in abundances below our observed upper limitsalthough in the case of Io, the background external water flux would need to be at least a factor of three lower than the upper limit derived by Lellouch et al. (2002) . However, for a cometary source with solar Cl/O relative abundances, the diffusion model predicted an abundance of 0.1 ppb at the 1 mbar pressure level. This is greater than our upper limit. Therefore, because we know that comets do provide a significant source of external material into Jupiter's upper atmosphere Moreno et al., 2003; Cavalié and Feuchtgruber, 2013) we can conclude that either (1) scavenging of HCl by stratospheric aerosols or transient impact-related NH 3 is an important loss process; (2) comets are depleted in chlorine or have their chlorine locked up in reservoirs that are not readily converted to HCl, in line with sub-solar gas-phase cometary HCl determined by Bockelée-Morvan et al. (2014) .
We incorporated scavenging into our 1D diffusion model and, despite large uncertainties in many of the model parameters, can conclude that scavenging by stratospheric aerosols is likely to be a significant loss process. Any aerosol accommodation coefficient in the range of published values (0.001-1.0) could easily scavenge enough HCl to prevent detection. In the steady state atmosphere, scavenging of HCl by internally sourced NH 3 is unlikely as NH 3 is destroyed by photolysis at much lower altitudes. However, NH 3 transients caused by cometary impacts could be a very efficient further loss mechanism, either by direct NH 3 injection or by dredging up deep NH 3 by entrainment of tropospheric material in impact plumes. Such impacts would thus result in simultaneous supply and removal of HCl. The high efficiency of potential loss mechanisms limits our ability to further constrain the source or magnitude of Jupiter's chlorine flux.
Further constraints on Jupiter's chlorine cycle would require laboratory measurements of HCl accommodation coefficients and better quantification of upper stratospheric aerosols. Direct detection of HCl would require an increase in sensitivity of many orders of magnitude and seems unrealisable given current technology.
